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A B S T R A C T

Ring-opening polymerization of N-carboxyanhydrides (NCAs) bearing pendant groups creates functional poly-
peptides. In this paper, we report the design, synthesis and polymerization of tetraphenylethylene (TPE)-modified
NCA, which is used to incorporate aggregation-induced emission (AIE)-active segments into polypeptides. Spe-
cifically, we attempted the synthesis of amphiphilic methoxy poly(ethyleneglycol)-block-poly(γ-benzyl-L-gluta-
mate)-block-poly(γ-4-(1,2,2-triphenylvinyl)benzyl-L-glutamate) (PEG-PBLG-PTPELG), which had well-controlled
molecular weight and narrow polydispersity. The hydrophilic PEG and hydrophobic PBLG-PTPELG assembled
into micelles in aqueous solution with diameter around 70 nm, displaying AIE at 480 nm. Our work demonstrates
that the TPE-modified NCA is applicable for the preparation of the AIE-active polypeptides, integrating the AIE
luminogens into the polypeptides which may offer unique opportunities for tuning AIE properties by adjusting the
composition and conformation of polypeptides. We preliminarily explored the use of the amphiphilic polypeptides
for the formulation of doxorubicin-containing micelles that can potentially be used for real-time monitoring of the
nanomedicine distribution.
1. Introduction

Polymeric micelles have been intensively explored for their applica-
tions in drug delivery given that their ease of preparation via self-
assembly, tunable composition and facile functionalization [1–4]. The
delivery efficiency of the micelles varies drastically from one material or
system to another, and is determined by their dynamic behavior and
stability in the biological systems. Tracking and analysis of the
self-assembled micelles in the process of drug delivery could be very
difficult. Fluorescence labeling of micelles has been one of the key
techniques to investigate real-time drug delivery process. However,
aggregation-caused quenching effect of traditional dyes significantly re-
strains the accurate assessments [5–7].

Aggregation-induced emission (AIE) probes luminesce weakly in
good solvents but could emit intensive fluorescence in the aggregated
.
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state, enabling the imaging in complicated matrix [8–11]. AIE lumi-
nogens (AIEgens) including tetraphenylethylene- (TPE), hex-
aphenylsilole- (HPS) or distyreneanthracene- (DSA) derivatives have
been intensively investigated in the past few years [12–15]. Great efforts
have been devoted to developing AIE-active polymers via non-covalent
encapsulation strategies or covalent-grafting strategies [16–18].
Loading hydrophobic AIE molecules into polymers via non-covalent in-
teractions may not avoid their premature leakage. Covalent tethering of
AIEgens onto polymers is presumably a better alternative to achieve
AIE-active polymers with stably incorporated fluorescence property.
However, the process of conjugating AIEgens to pre-existing polymers is
not always easy and feasible, due to compatibility issue of the AIEgens
and polymers, laborious bioconjugation procedures, and poor conjuga-
tion efficiency.

Ring-opening polymerization (ROP) of functional N-carboxyanhy-
drides (NCAs) is a facile and reliable strategy to fabricate polypeptides
with desired architectures, quantitative function groups and narrow
polydispersity index (PDI) [19–21]. The synthesis of AIEgen-based NCA
has been rarely explored. Herein, we attempted the design and synthesis
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of a TPE modified NCA (γ-4-(1,2,2-triphenylvinyl)benzyl-L-glutamate
NCA (TPELG-NCA)) derivatized from TPE-glutamic acid conjugates
(Scheme 1) and its use of synthesizing amphiphilic AIE-active poly-
peptides with stably conjugated TPE. Specifically, methoxy poly(-
ethylene glycol)-block-poly(γ-benzyl-L-glutamate) amine (PEG-PBLG), an
amphiphilic di-block copolymer bearing an amino terminus, was used as
the macroinitiator to trigger the ROP of TPELG-NCAs in water-in-oil
(w/o) emulsion, forming methoxy PEG-PBLG-block-poly(γ-4-(1,2,2-tri-
phenylvinyl)benzyl-L-glutamate) (PEG-PBLG-PTPELG) via the SIMPLE
polymerization method that we developed recently (Scheme 1) [22]. The
synthesized PEG-PBLG-PTPELG self-assembled into micelles in aqueous
solution, emitting strong blue fluorescence (480 nm) of TPE under the
irradiation at 365 nm. TPEs involved in the core of micelles afforded π-π
stacking with hydrophobic drugs, such as doxorubicin (DOX). The AIE at
480 nm from TPE and the emission at 600 nm from DOX may enable
dual-fluorescence real-time tracking and analysis of the polypeptide
micelle drug delivery system in the biological systems.

2. General experimental details

2.1. Materials

All reagents were purchased fromMilliore Sigma (St. Louis, MO, USA)
unless otherwise specified. Amino acids were provided by Chem-Impex
International, Inc. (Wood Dale, IL, USA). 2-Bromo-1,1,2-triphenylethy-
lene, N,N0-dicyclohexylcarbodiimide (DCC), 4-Dimethylaminopyridine
(DMAP) and trifluoroacetic acid (TFA) were obtained from TCI Amer-
ica (Portland, OR, USA). Methoxy poly(ethylene glycol) amine (mPEG-
NH2, 5 kDa) was purchased from Laysan Bio, Inc. (Arab, AL, USA).
Deuterated solvents were purchased from Cambridge Isotope Labora-
tories, Inc. (Tewksbury, MA, USA). Anhydrous tetrahydrofuran (THF)
and hexane were dried by a column packed with alumina. Dichloro-
methane (DCM) was prepared by refluxing over CaH2 for 24 h, distilling
and purging with nitrogen gas for 15 min. Anhydrous N, N-dime-
thylformamide (DMF) was treated with polymer-bound isocyanates
(MilliporeSigma, St. Louis, MO, USA) to remove any suspicious amine
residues and was stored at �40 �C in a glovebox system. BCP buffers
containing boric acid, citric acid, and sodium phosphate as active species
(pH 3 and pH 7) were used in the experiments.
2.2. Instrumentation

Proton nuclear magnetic resonance (1H NMR) spectra were obtained
using a Varian VXR500 (500 MHz) spectrometer. MestReNova (version
12.0.3, Mestrelab Research, Escondido, CA, USA) was used in the anal-
ysis of NMR data. Gel permeation chromatography (GPC) data were
Scheme 1. Schematic illustration of synthesi
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collected via an instrument equipped with an isocratic pump (1260 In-
finity II, Agilent, Santa Clara, CA, USA), a multi-angle static light scat-
tering (MALS) detector operating at a wavelength of 658 nm (DAWN
HELEOS-II, Wyatt Technology, Santa Barbara, CA, USA), and a differ-
ential refractometer (DRI) detector (Optilab T-rEX, Wyatt Technology,
Santa Barbara, CA, USA). A serial of size exclusion columns (PLgel
MIXED-B columns, 10 μm, 7.5� 300 mm, Agilent, Santa Clara, CA, USA)
were used in separation, which were maintained at a temperature of 40
�C using DMF containing 0.1 M LiBr as eluting agent at a flow rate of 0.7
mL/min. Samples were filtered through a 0.45 μm PTFE filter before
analysis. Absolute molecular weights of polypeptides were determined
based on the dn/dc value processed by the software ASTRA 7 (version
7.1.3.15, Wyatt Technology, Santa Barbara, CA, USA). Fourier transform
infrared (FTIR) spectra were obtained using a PerkinElmer 100 serial
FTIR spectrophotometer (PerkinElmer, Santa Clara, CA, USA). High
performance liquid chromatography (HPLC) spectra were obtained by a
system equipped with an isocratic pump (1260 Infinity II, Agilent, Santa
Clara, CA, USA) and a detector with the wavelength from 190 nm to 400
nm (DAWN HELEOS-II, Wyatt Technology, Santa Barbara, CA, USA).
2.3. Synthesis of 4-(1,2,2-triphenylvinyl)phenyl)methanol (TPECH2OH)

The reaction was carried out by following previously reported pro-
cedures [23]. 2-Bromo-1,1,2-triphenylethylene (1.0 g, 3.0 mmol) and
4-(hydroxymethyl)phenylboronic acid (0.55 g, 3.6 mmol) were dissolved
in 40 mL THF, to which 20 mL potassium carbonate aqueous solution (2
M) was added. After the mixture was stirred for 0.5 h at room temper-
ature under N2, tetrakis (triphenylphosphine) palladium (0) (0.010 g)
was added. After degassing by three freeze-pump-thaw cycles to remove
oxygen, the reaction was refluxed under dean stark trap overnight. Fol-
lowed by removing the solvent under reduced pressure, the crude
product was purified by chromatography with DCM as the eluent to
obtain TPECH2OH (1.07 g, 99% yield). 1H NMR (500 MHz, CDCl3): δ
7.06 (d, 19H), 4.61 (s, 2H).
2.4. Synthesis of γ-TPE-L-glutamate acid (TPELG)

Boc-L-glutamic acid-γ-TPE ester-α-tert-butyl ester (Boc-Glu(TPE)-
OtBu) was prepared by following a published protocol [24]. TPECH2OH
(0.54 g, 1.5 mmol), Boc-L-glutamic acid-α-tert-butyl ester (Boc-Glu-OtBu)
(0.91 g, 3 mmol), DCC (2.08 g) and DMAP (0.12 g) were separately added
and dissolved in THF (30 mL), which was stirred at room temperature
overnight. After quenching by 20 mL saturated ammonium chloride
aqueous solution, the organic phase was washed three times by saturated
brine and dried by anhydrous sodium sulfate overnight. The obtained
crude product was purified twice by chromatography with
s of TPELG NCA and PEG-PBLG-PTPELG.
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hexane/EtOAc (v/v ¼ 1/1), followed by EtOAc as eluting agents to get
Boc-Glu(TPE)-OtBu (0.57 g, 58% yield). 1H NMR (500 MHz, CDCl3): δ
7.06 (d, 18H), 5.04 (d, 2H), 4.20 (s, 1H), 2.43 (s, 2H), 2.17 (s, 1H), 1.93
(s, 1H), 1.44 (d, 20H).

To get TPELG, Boc-Glu(TPE)-OtBu (0.26 g, 0.4 mmol) was re-
dispersed in 5 mL DCM and then cooled down to 0 �C. A mixture of
TFA (5 mL) and DCM (5 mL) was added dropwise under stirring at 0 �C.
After stirring for another 4 h, the solvent was removed under reduced
pressure. The resulting solid was recrystallized from anhydrous diethyl
ether to give TPELG (0.14 g, 71% yield). 1H NMR (500 MHz, CDCl3): δ
7.03 (s, 19H), 4.94 (s, 2H), 4.11 (s, 1H), 2.59 (s, 2H), 2.23 (d, 2H).

2.5. Synthesis of TPELG NCA

TPELG (98 mg, 0.2 mmol) was added into a flame-dried vial (20 mL)
and dried under vacuum for more than 2 h. Anhydrous THF (2 mL) was
then pipetted in the vial to create a suspension, then cooling on ice.
Phosgene/toluene solution (220 μL, 15 wt%, 0.3 mmol of phosgene, 1.5
eq.) was added and the mixture became clear instantly. The vial was then
placed in a prewarmed oil bath at 50 �C, heating for 15 min. After
removing the solvent and residual phosgene under vacuum, the crude
product was dissolved in anhydrous THF and precipitated by cold hex-
ane/ether (1:1, v/v) for three times, during which the precipitate was
separated by a centrifuge. The TPELG NCA (94.6 mg, 91% yield) was
stored at �40 �C in a glovebox system for further use in ROP. 1H NMR
(500 MHz, CDCl3): δ 6.99 (d, 19H), 6.07 (s, 1H), 4.98 (s, 2H), 4.28 (s,
1H), 2.52 (s, 2H), 2.21 (s, 1H), 2.04 (s, 1H). 13C NMR (125MHz, CDCl3) δ
172.6, 169.5, 144.3, 143.7, 140.4, 133.2, 131.7, 131.4, 127.9, 126.7,
67.1, 57.2, 30.2, 27.1. HR-MS: m/z calculated for [M þ Na]: 540.1787;
found: 540.1796.

2.6. Synthesis and self-assembly of PEG-PBLG-PTPELG

Purified γ-benzyl-L-glutamate N-carboxyanhydride (BLG-NCA) was
synthesized and purified by following reported procedures [25].
Methoxy poly(ethylene glycol)-b-poly(γ-benzyl-L-glutamate) amine
(PEG-PBLG), behaving as macroinitiators as well as emulsion stabilizers
in SIMPLE ROP procedure, was prepared according to literature pro-
cedures [22]. Briefly, TPELG NCA (70.4 mg, 0.136 mmol) was dissolved
in 8 mL DCM, purified by centrifugation at 8, 000 rpm for 3 min (25 �C),
and then washed with BCP buffer (pH¼ 3.0, 200 μL, 18 wt%). PEG-PBLG
macroinitiator dissolved in DCM (800 μL, 1 mM) was mixed up with BCP
buffer (pH ¼ 7.0, 24 μL, 2 wt%) via vortex to form emulsion. This
emulsion was then mixed with TPELG NCA solution (800 μL, 17 mM) to
trigger the polymerization.

The PEG-PBLG-PTPELG re-dissolved in DMF (1.0 mL, 5 mg/mL) was
put in a 7mL vial, followed by pumping 4 vol of DI water into the solution
by a syringe pump (KD Scientific, Holliston, MA, USA. Addition speed:
0.1 mL/min) under stirring. The suspension was stirred for another 2 h at
room temperature and then transferred to a dialysis bag (MWCO ¼ 1
kDa) for purification.

2.7. Formulation of DOX-loaded PEG-PBLG-PTPELG micelles

Nanoprecipitation was used to load DOX [26]. PEG-PBLG-PTPELG (5
mg) and DOX (0.25, 0.50 and 1.00 mg, respectively) were dissolved in
1.0 mL DMF. The solution was added dropwise into 4 vol of DI water in a
7 mL vial by a syringe pump under stirring. The suspension was stirred
for another 6 h at room temperature and then transferred to a dialysis bag
(MWCO ¼ 1 kDa) for purification. After lyophilization, the DOX-loaded
PEG-PBLG-PTPELG micelles were collected for further experiments.

2.8. Drug release property of DOX-loaded PEG-PBLG-PTPELG micelles

The DOX-loaded PEG-PBLG-PTPELG micelles were re-suspended in
FBS/PBS buffer (1 mL, 1:1, v/v) and transferred into a dialysis tube
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(MWCO 1kD). Immerge the dialysis tube in a tube containing 4 mL of PBS
buffer at 37 �C under constant shaking. At 0, 1, 2, 4, 8, 12, 24 h, 1.0 mL of
the solution outside the dialysis tube was drawn out for the measurement
of DOX concentration and equal volume of fresh PBS buffer was sup-
plemented for further experiments. The DOX concentration was
measured by HPLC with a fluorescence detector (Ex: 470 nm, Em: 595
nm).

3. Results and discussion

Self-assembled polymeric micelle enables to load hydrophobic drugs
in the core and to enhance the colloidal stability based on its hydrophilic
shell in physiological fluids. It is vital to monitor the dynamic behaviors
of polymeric micelles for the best treatment outcomes. AIEgens with
intensive fluorescence in the aggregated state are recognized as a
promising labeling probe, which differ from normal fluorescence dyes
suffering quenching in high concentration. We thus designed a TPE-
modified NCA to prepare AIE-active polypeptides, which are attached
with quantitative AIEgens groups, and display stable AIE luminescence
when assembled into micelles.

3.1. Synthesis and characterization of TPELG-NCA

To start the synthesis of TPE-modified NCA, a hydroxyl group was
introduced to TPE molecule by conjugating 2-bromo-1,1,2-triphenyl-
ethylene with 4-(hydroxymethyl)phenylboronic acid via Suzuki chem-
istry [23], which functioned as an active unit to react with amino acid
(Scheme 1). The resulting TPECH2OH was grafted onto Boc-Glu-OtBu
according to Tai et al. [24], followed by the removal of protection
groups in TFA and DCM (1:1, v/v), obtaining the desired conjugates
(TPELG) (Figs. S1–S3 in the Supporting Information). Phosgenation of
TPELG generated the target product of TPELG-NCA with pendant TPE
group at γ-COOH position. The monomers were precipitated in cold
hexane/ether in a high yield of 91%. 1H, 13C NMR and MS analyses were
carried out to verify the successful synthesis of TPELG-NCA (Fig. 1,
Figs. S4 and S5 in the Supporting Information). A characteristic peak at
6.99 ppm demonstrated the presence of TPELG skeleton in the
as-prepared compound. The peaks at 6.07 and 4.28 ppmwere ascribed to
the protons in hydroxyl groups of NCAs (Fig. 1A). All these peaks indi-
cated the successful synthesis of TPELG-NCA, confirming the result ob-
tained fromMS analyses ([Mþ Na]: 540.1796) (Fig. S5 in the Supporting
Information). The purified TPELG-NCA was stable in moisture-free con-
ditions and stored at�40 �C in a glovebox system for more than 3months
with no obvious change.

3.2. ROP of TPELG-NCA

A SIMPLE strategy we developed recently was used in the ROP of
TPELG-NCA, allowing controlled polymerization in an open-air system
[22]. PEG-PBLG, an amphiphilic di-block copolymer bearing an amino
terminus, was used as the macroinitiator to trigger the ROP of TPELG-NCA
in water/DCM emulsion. Given the strong tendency of PEG-PBLG to
localize at the water/DCM interface, the PEG segments acted as the
designated interfacial anchors, while the hydrophobic PBLG segments
folded to α-helical arrays protruding into DCM phase as the macro-
initiators. Thewater-in-oil (w/o) emulsion by sonicating an aqueous buffer
(pH ¼ 7.0) and a DCM solution of PEG�PBLG, was then mixed with an
equal volume of purified TPELG-NCA in DCM to start the polymerization
([M]0 ¼ 50 mM, [I]0 ¼ 0.5 mM). The polymerization monitored by FT-IR
indicated the complete generation of PEG-PBLG-PTPELG in 2.5 h, along
with the disappeared characteristic peaks of NCAs at 1780 and 1850 cm�1

(Fig. 1C). Further evidence of the succeeded synthesis of
PEG-PBLG-PTPELG was given in 1H NMR spectrum, showing two peaks
(6.97 and 7.04 ppm) ascribed to P2 hydrogens of TPE groups (Fig. 1B). GPC
analysis of PEG-PBLG-PTPELG revealed a monodispersed peak with an
obtained MWMn ¼ 20.8 kDa (Fig. 1D). ROP of TPELG-NCAs proceeded to



Fig. 1. Characterization of TPELG-NCA and PEG-PBLG-PTPELG. (A–B) 1H NMR spectrum (500 MHz) of (A) TPELG-NCA and (B) PEG-PBLG-PTPELG in CDCl3/TFA-
d6 (85:15, v/v); (C) FTIR spectra showing polymerization of TPELG-NCAs in water/DCM (water: DCM ¼ 1:100) triggered by PEG-PBLG macroinitiator; (D) Normalized
GPC-LS spectra of PEG-PBLG and PEG-PBLG-PTPELG.
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yield predictable polypeptides in complete monomer conversion with no
evidence of inactive chains in GPC spectra (Fig. 1D). The MW of
PEG-PBLG-PTPELG compared to that of PEG-PBLG was increased by 7.8
kDa, which indicates PTPELG with a degree of polymerization (DP) of 16,
conforming well with the designed DP. The dispersity (Ð¼Mw/Mn) of the
resulting polypeptides was low (1.12), demonstrating good control
throughout the polymerization process. All the data show that the
TPELG-NCAs are able to undergo polymerization when initiated with
PEG-PBLG, providing a facile access to a range of TPE-functionalized
polypeptides with tailored molecular weights and functionalities.

3.3. Self-assembly of PEG-PBLG-PTPELG

Amphiphilic PEG-PBLG-PTPELG with both hydrophilic and hydro-
phobic segments can self-assemble into micelles in aqueous phase. To
Fig. 2. Preparation and characterization of DOX-loaded AIE-active polypeptide
feeding amount of DOX) (B) NPs in DMF/water (10 μg/mL); (C) Fluorescence spect
365 nm UV irradiation (100 μg/mL); (D) Fluorescence spectra of PEG-PBLG-PTPELG
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verify the structure-dependent AIE of PEG-PBLG-PTPELG, micellar
nanoparticles were induced by adding DI water dropwise into the DMF
solution of PEG-PBLG-PTPELG (Fig. 2). As expected, there was no
obvious AIE luminescence of PEG-PBLG-PTPELG observed in the benign
solvent of DMF. In contrast, PEG-PBLG-PTPELG displayed strong blue
fluorescence in water/DMF bi-solvent system under irradiation with a
365 nm UV lamp, due to the concentrated AIEgens in the core of
assembled micelles. Dynamic light scattering (DLS) measurement
demonstrated a main sharp peak at around 70 nm, indicating the for-
mation of PEG-PBLG-PTPELG micellar nanoparticles with low size dis-
tribution. Another broad peak centered at 370 nm resulted from part of
aggregated micellar nanoparticles (Fig. 2A). The characteristic AIE (480
nm) of pendant TPE groups in PEG-PBLG-PTPELG was further verified in
fluorescence spectra, which possesses potential applied in bioimaging or
biosensing (Fig. 2C).
. (A, B) DLS results of PEG-PBLG-PTPELG (A) and PEG-PBLG-PTPELG-DOX (20%
ra of PEG-PBLG-PTPELG-DOX and PEG-PBLG-PTPELG NPs in DMF/water under
-DOX NPs and DOX in DMF/water under 440 nm irradiation (100 μg/mL).
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3.4. Formulation of DOX-loaded PEG-PBLG-PTPELG micelles

DOX, as a model hydrophobic drug, was mixed with PEG-PBLG-
PTPELG to prepare drug-loaded micelles through nanoprecipitation
method [26]. The feeding mass ratio of DOX: PEG-PBLG-PTPELG were
varied from 1:20 (5 wt%) to 1:5 (20 wt %) to determine the drug loading
capacity (DLC, wt%) and drug encapsulation efficiency (DEE, %).
Quantitative measurements based on HPLC revealed the increase in DLC
from 0.5- to 2.7-wt% along with the elevated feeding ratio. A maximum
DLC of DOX (2.7 wt%) in the studied range was achieved when the mass
ratio was fixed as 20 wt%, with a DEE of 13.4%, indicating the succeeded
loading of DOX in micelles through hydrophobic/aromatic interactions
with the PBLG-PTPELG components of the polypeptides (Table S1 in
supporting information). A similar trend was observed in DLS analyses
(Fig. 2, Fig. S6 and Table S1 in supporting information). The dynamic
diameter of PEG-PBLG-PTPELG micelles was increased from 70 nm to 80
nm after loading DOX (5 wt%) into micelles (Fig. 2A and B). Further
increase of the feeding ratio from 5- to 20-wt% led to a slight increment
in DLS (Fig. S6 and Table S1 in supporting information). Compared to
PEG-PBLG-PTPELGmicelles, the size distribution of DOX-loadedmicelles
exhibited a triphasic trend with a smaller diameter particle distribution
accompanied by two larger diameter particles distributions (Fig. 2 and
Fig. S6 in supporting information). An additional peak around 3000 nm
was observed after DOX loading, resulting from the aggregation of
unencapsulated DOX due to its high hydrophobicity.

In addition, the formed DOX-loaded PEG-PBLG-PTPELG micelle
emitted dual-fluorescence at 480 nm and 600 nm by two excitation
pathways, AIE luminescence (480 nm) from TPE groups and fluorescence
(600 nm) fromDOXmolecules (Fig. 2C and D and Fig. S7), which enabled
to monitor the delivery dynamics of micelles and to trace the release of
DOX in the biosystems by dual-fluorescence imaging [27,28]. To clarify
the drug release property, the drug release behavior of the DOX-loaded
micelles was investigated in PBS buffer (Fig. S8). The time-dependent
drug release curve showed a quick release (82.9% of DOX) in the
initial 3 h. A platform of drug release was achieved for a prolonged period
of time, generating a stable drug concentration, which showed a typical
two-phase-release property of micelle-based drug delivery systems [29,
30].

4. Conclusions

We designed and synthesized TPELG-NCA for ROP to prepare TPE-
conjugated polypeptides. The ratio of TPE to polypeptides can be pre-
cisely controlled. The resulting amphiphilic polypeptide, PEG-PBLG-
PTPELG, self-assembles into micelles in water/DMF with instinct AIE at
480 nm. The DOX loaded in the core of micelles gives another emission at
600 nm and the resulting micelle offers dual fluorescence signals. This
approach provides an alternative strategy to fabricate self-luminescence
theranostic micelles, which may enable stably and controlled incorpo-
ration of AIEgens to polymeric micelles for potential tracking of the
behavior and changes of micelles in vitro and in vivo.
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